and Saito, 1998; Takekawa and Saito, 1998). Therefore, sion of a truncated, active form of NPK1 that lacked the we examined whether a similar mechanism might apply carboxy-terminal regulatory region allowed cells to grow to NPK1 and NACK1. without exogenous histidine; expression of full-length
We performed coimmunoprecipitation analysis using NPK1 did not (data not shown).
protein extracts from yeast cells that expressed cDNAs We isolated RNA from actively dividing tobacco BY-2 for NACK1 and NPK1 separately and together. NPK1 cells and prepared a plasmid library of cDNAs, all of was immunoprecipitated with NPK1-specific antibodwhich would be constitutively expressed in yeast cells.
ies, and immunoprecipitates were analyzed by Western The cDNA library was introduced into 11Su1 cells in blotting with NACK1-specific antibodies (see below). As which a fusion gene that encoded full-length NPK1 with shown in Figure 2A , immunoprecipitates contained a galactose-inducible promoter had been integrated. NACK1 only after NACK1 and NPK1 had been coexWe identified three transformants (#041, #051, and #081) pressed, indicating that NACK1 interacted physically whose growth on histidine-free medium was galactose with NPK1. dependent ( Figure 1A ; data for #081 not shown), sugUsing a yeast two-hybrid system, we identified the gesting that the modified yeast MAPK cascade was actiregions required for interactions between NACK1 and vated through NPK1 in the presence of the protein en-NPK1 (data not shown). In NACK1, a 72 amino acid coded by #041, #051, or #081 cDNA. stretch (residues 685-756), corresponding to the fifth The 3.2 kb cDNA from clone #051 encoded a predicted putative coiled-coil region and strongly conserved protein of 959 amino acid residues ‫801ف(‬ kDa), whose in NACK1 and NACK2, was sufficient for interaction amino-terminal region was homologous to the motor with NPK1 (see Figures 1B and 1C) . Conversely, NACK1 domains that are conserved in members of the KLP binding activity of NPK1 resided in 64 amino acids at family and included amino acid residues that are the carboxyl terminus (residues 627-690), which also strongly conserved in various KLPs ( Figure 1B) . We desformed a coiled coil (Nishihama et al., 1997 ). Using ignated this putative protein NPK1-activating kinesinrecombinant proteins synthesized in and purified from like protein 1 (NACK1).
Escherichia coli, we also observed direct interaction in The cDNA from clone #041 (1.3 kb) included a nucleovitro between the stalk/tail region of NACK1 and the tide sequence that was identical to that of the cDNA regulatory domain of NPK1 by coimmunoprecipitation from clone #081 (1.0 kb). An open reading frame in cDNA (data not shown). #041 encoded an amino acid sequence similar to that An immunocomplex kinase assay of NPK1 with yeast of the carboxy-terminal region of NACK1. We amplified cells expressing NACK1 and/or NPK1 ( Figure 2B ) rea 2.2 kb fragment of DNA derived from the 5Ј end of vealed strong phosphorylation of myelin basic protein cDNA #041 by PCR. These cDNAs encoded a predicted (MBP), as substrate, only when both NACK1 and NPK1 protein of 955 amino acids that also had a putative motor had been produced in yeast cells (lane 3). Very limited domain, and it was designated NACK2 ( Figure 1B) . phosphorylation was observed in the absence of NACK1 Analysis by the COILS program (Lupas et al., 1991) (lane 1). When kinase-negative NPK1 (lanes 2 and 4) or predicted the presence of several potential coiled coils, no NPK1 (lane 5) was expressed, similar limited phostypical of the stalk domains in KLPs, in the middle rephorylation occurred despite the presence of NACK1. gions of NACK1 and NACK2 ( Figure 1C ). We shall refer Thus, strong phosphorylation of MBP depended on the to regions that include coiled coils and carboxy-terminal presence of both NPK1 and NACK1, suggesting that noncoiled-coil regions as stalk and tail domains, respec-NACK1 might increase the activity of NPK1 via direct tively. At the amino acid level, identity between NACK1 interactions between the two proteins. We cannot, howand NACK2 was 59% overall, 68% for the amino-termiever, exclude the possibility that the activation observed nal putative motor domains, and 55% for the stalk/tail in yeast was due to combinatorial effects of some undomains.
identified yeast protein(s). Two putative Arabidopsis KLPs (GenBank accession We observed two additional bands (PB1 and PB2) of numbers AAF25984 and CAB89042) exhibited the highphosphorylated proteins when both NACK1 and NPK1 est sequence similarities (77% and 65% identical) to were produced in yeast cells ( Figure 2B , top). We con-NACK1 and NACK2, respectively. We designated them cluded that PB1 and PB2 represented phosphorylated AtNACK1 (its gene maps to chromosome 1) and Atforms of NACK1 and NPK1, respectively. When amino-NACK2 (chromosome 3), respectively. Phylogenetic terminally truncated NACK1 (which retained the ability analysis of motor domain sequences indicated that NACK1, NACK2, AtNACK1, and AtNACK2 constitute a to increase the activity of NPK1) was expressed, we detected PB2 but not PB1. Instead, we detected a new growth of BY-2 cells at the G1/S boundary using aphidiphosphorylated protein with the greater mobility excolin. Northern blotting analysis revealed that high levels pected of the truncated NACK1 (data not shown). Moreof transcripts of both NACK1 and NACK2 accumulated over, the mobility of a significant fraction of wild-type in cells that had been cultured for 6 to 10 hr after the NPK1 in extracts was reduced when NACK1 had been removal of aphidicolin, with almost the same time course coexpressed in cells ( Figure 2B , bottom, lane 3), while no as the change in mitotic indices (MIs; Figure 3A ). such mobility shift was observed when kinase-negative We performed Western blotting to examine the accu-NPK1 was expressed, suggesting the catalytic activitymulation of NACK1 proteins. Affinity-purified antibodies dependent phosphorylation of NPK1. Thus, we propose against amino acid residues 385-402 of NACK1 (a synthat NPK1, bound to NACK1, phosphorylates MBP, thetic oligopeptide) recognized proteins only in extracts NACK1, and itself.
from M phase cells with a mobility that corresponded approximately to that predicted for NACK1 ( Figure 3B ). After removal of aphidicolin, NACK1 became detectable NACK1 Is a Mitotic KLP that Associates at 8 hr, reached its highest level at 10 hr, and became with NPK1 When Its Activity Is High undetectable at 14 hr. In the same extracts, we detected We examined the accumulation of NACK1 and NACK2 transcripts during the cell cycle. We synchronized the NPK1 at a constant level from 0 to 6 hr; the level was mitosis during the first hour after removal of propyzamide. Then, MIs fell rapidly to the basal value within 3 hr. In these cells, NACK1 was detectable at 0 hr; its level increased during the first hr and then fell rapidly during the next 2 hr ( Figure 3C ). We showed previously that NPK1 activity is high 1 to 2 hr after the start of synchronization (late M phase; ). Thus, changes in NPK1 activity were closely correlated with levels of NACK1. We examined whether NACK1 was associated with NPK1 at the late M phase. We prepared an extract of BY-2 cells that had been harvested 1.5 hr after two-step synchronization. Proteins were immunoprecipitated with NACK1-specific antibodies that had or had not been incubated with the antigenic oligopeptide. Western blotting revealed not only the recovery of NACK1, but also of NPK1 in the precipitate only if antibodies had not been incubated with the oligopeptide ( Figure 3D ). These data revealed the physical interaction between NACK1 and NPK1 at late M phase in tobacco cells at the time when NPK1 is activated. We triple stained cells that expressed HA-NACK1:ST humped leaves at a position above inoculated leaves, and these malformed leaves remained small ( Figure 6A , with NPK1-specific antibodies, tubulin-specific antibodies, and DAPI. In multinucleate cells, phragmoplasts part 1). Their one or two abortive flower buds had morphologically normal sepals but prematurely terminated formed at telophase and, in a significant proportion of cells, NPK1 was not concentrated at the phragmoplast petals, stamens, and gynoecia, which eventually underwent necrosis ( Figure 6A , part 2; aborted stamens not equator ( Figure 5C, ϩDEX) . Cells with such NPK1-negative phragmoplasts were never found in cultures of DEXvisible). By contrast, all of the nine PVX-GFP RNAinfected plants grew normally and generated five to six untreated cells at telophase ( Figure 5C, -DEX) . We noted, however, that NPK1 concentrated in pairs of flower buds by 30 DPI ( Figure 6A) . Therefore, the growth defect seemed to be induced by infection with PVXdaughter nuclei even when cells were treated with DEX (arrows in Figure 5C ). These results indicated that NACK1/NACK2 RNA and not by disease due to PVX. We investigated cytokinesis in plants with a growth NACK1 functions by recruiting NPK1 to the phragmoplast equator, as proposed above. We were unable to demonstrate the centromeric localization of NACK1. NACK1-related KLPs in plants might NACK1 and NACK2.
NACK1 Is Probably a Plus End-Directed KLP
participate in a process unique to plant cytokinesis. Antibodies against NACK1 were prepared by MBL (Nagoya, Japan) with a synthetic peptide, CTPDPANEKDWKIQQMEME (residues R.N., and Y.M., unpublished data). We shall try to deter- 
NACK1-Related KLPs Unique to Plants

